The eukaryotic circadian oscillators consist of autoregulatory negative feedback loops. However, little is known about the role of posttranscriptional regulation of RNA in circadian oscillators. In the Neurospora circadian negative feedback loop, FRQ and FRH form the FFC complex that represses frq transcription. Here, we show that FFC also binds frq RNA and interacts with the exosome to regulate frq RNA decay. Consequently, frq RNA is robustly rhythmic as it is more stable when FRQ levels are low. Silencing of RRP44, the catalytic subunit of the exosome, elevates frq RNA levels and impairs clock function. In addition, rrp44 is a clock-controlled gene and a direct target of the WHITE COLLAR complex, and RRP44 controls the circadian expression of some ccgs. Taken together, these results suggest that FFC and the exosome are part of a posttranscriptional negative feedback loop that regulates frq transcript levels and the circadian output pathway.
INTRODUCTION
The eukaryotic circadian oscillators are composed of autoregulatory negative feedback loops that function to regulate circadian gene expression (Allada et al., 2001; Bell-Pedersen et al., 2005; Dunlap, 1999; Sehgal, 2004; Young and Kay, 2001 ). In Neurospora, Drosophila, and mammals, heterodimeric complexes, consisting of two PAS domain-containing transcription factors, act as positive elements in the negative feedback loop by binding cis elements in the promoter and activating the expression of negative elements. These negative elements repress their own transcription by inhibiting the activity of the positive elements to close the negative feedback loop. In addition, the positive elements also activate the transcription of clock-controlled genes (ccgs) to drive rhythmic gene expression. Our current models of the eukaryotic clock mechanisms are largely transcription based, and very little is known about the role of posttranscriptional regulation of RNA in clocks. Posttranscriptional regulation has been shown to regulate circadian clocks and rhythm of messenger RNA (mRNA) stability in animals and plants (Garbarino-Pico and Green, 2007; Lidder et al., 2005; So and Rosbash, 1997) . The mRNA half-life of the Drosophila clock gene period (per) is rhythmic, and the 3 0 untranslated region (UTR)-mediated mRNA decay of mouse Per3 is required for its mRNA oscillation (Kwak et al., 2006; So and Rosbash, 1997) . However, the posttranscriptional mechanism involved is unknown.
Despite the evolutionary distances between the filamentous fungus Neurospora crassa and higher eukaryotes, mechanisms of their circadian oscillators are remarkably similar (Dunlap, 2006; Heintzen and Liu, 2007; Liu and Bell-Pedersen, 2006) . In the Neurospora circadian negative feedback loop, the heterodimeric WCC complex formed by two PAS-domain transcription factors WHITE COLLAR-1 (WC-1) and WC-2 acts as the positive element, and the complex of FREQUENCY (FRQ) and FRQ-interacting RNA helicase (FRH) functions as the negative element. In darkness, WCC activates the transcription of the frq gene by binding to the Clock box (C-box) in the frq promoter (Belden et al., 2007; Cheng et al., 2001b Cheng et al., , 2002 Crosthwaite et al., 1997; Froehlich et al., 2003; He et al., 2006; Loros and Dunlap, 2001) . After the synthesis of FRQ protein, FRQ self-associates and forms a complex (called FFC) with FRH. FFC represses WCC activity on frq transcription by promoting WC phosphorylation (Aronson et al., 1994a; Cha et al., 2008; Cheng et al., 2001a Cheng et al., , 2005 He et al., , 2006 Huang et al., 2007; Schafmeier et al., 2005) .
Microarray and other methods identified more than 150 clockcontrolled genes (ccgs) that are involved in a wide variety of processes (Correa et al., 2003; de Paula et al., 2007; Liu and Bell-Pedersen, 2006; Nowrousian et al., 2003) . In all cases examined, the circadian oscillator functioned normally in strains with disrupted copies of the ccgs, indicating that they are part of the output pathway and are not part of the oscillator. Some of these ccgs contain promoter elements similar to the frq C-box or ACE (activating clock element found in ccg-2), suggesting that they are direct targets of WCC or unknown rhythmically activated transcription factors, respectively (Bell-Pedersen et al., 1996a; Correa et al., 2003; Lewis et al., 2002) . How the circadian oscillator regulates other ccgs is unknown.
FRH is a homolog of Mtr4p in Saccharomyces cerevisiae and has sequence homologs in from fungi to mammals . Mtr4p is an essential nuclear cofactor for the yeast exosome complex, which is a large complex consisting of several 3 0 to 5 0 exonucleases and an important regulator of
, and noncoding RNA) metabolism by mediating 3 0 to 5 0 processing and degradation LaCava et al., 2005; Vanacova et al., 2005) . The diversity of functions, including cell cycle and development, assumed by the exosome in RNA degradation is analogous in eukaryotic organisms to the proteasome in protein degradation (Lorentzen and Conti, 2006) .
In Neurospora, the entire pool of FRQ is in complex with FRH . Downregulation of frh abolished circadian rhythmicity and resulted in high frq RNA levels. These results suggest that FRH functions as the circadian negative element. Despite its importance in the clock, the circadian role of FRH as an RNA helicase is not known. Approximately 40% of FRHs are in complex with FRQ . Unlike Mtr4p in yeast, a significant portion of FRH was also found in the cytosol, consistent with the fact that more than 90% of FRQ is cytoplasmically localized Schafmeier et al., 2005) . Furthermore, because of the rhythmic FRQ levels, the amounts of FFC complex oscillate daily. These results raise the possibility that FFC may have a role in rhythmic RNA processing. In this study, we show that in addition to its role as a negative element in the transcription-based circadian negative feedback loop, FFC regulates frq RNA posttranscriptionally by mediating its rhythmic decay through the exosome. Downregulation of the core catalytic subunit of the Neurospora exosome RRP44 results in elevated frq RNA and impairs clock functions. rrp44 is also a ccg that is directly regulated by the WCC. In addition to its role in regulating frq RNA, RRP44/exosme is also important for the rhythmic expression of some ccgs. Therefore, FFC and the exosome are part of a posttranscriptional negative feedback loop, which is interlocked with the transcriptional negative feedback loop to regulate frq levels and circadian gene expression. 
RESULTS

FRH Negatively Regulates frq mRNA Levels Posttranscriptionally
To understand the role of FRH in regulating frq mRNA levels, we downregulated frh expression by inducibly expressing an inverted-repeat specific for frh in a wt,dsfrh strain with quinic acid (QA). As shown in Figure 1A , downregulation of FRH resulted in a dramatic increase of frq mRNA levels. Similar to our previous results , FRQ protein levels were low under this condition despite elevated frq mRNA levels. The low FRQ levels in the induced knockdown strain are most likely due to FRQ instability when it cannot form a complex with FRH. FRQ levels are similarly low in frq mutants in which FRQ cannot interact with FRH . In addition, WC-1 and WC-2 levels exhibited modest reduction after the downregulation of FRH, suggesting that like FRQ, FRH also participates in the positive feedback loops to upregulate WC expression. Consistent with FRH's being a negative component of the circadian negative feedback loop, hypophosphorylation of WC-1 was also observed when FRH was downregulated.
To further confirm the role of FRH in the circadian negative feedback loop, chromatin immunoprecipiation (ChIP) assay with the WC-2 antiserum was performed to examine the levels of WCC binding to the C-box of the frq promoter. As shown in Figure 1B and Figure S1 available online, WCC binding in the absence of the QA was rhythmic and peaked at DD14 (DD, constant darkness), consistent with previous results (He et al., 2006; Huang et al., 2007) . But the downregulation of FRH in the wt,dsfrh strain resulted in constantly high levels of WCC C-box binding. Together with our previous results, these data indicate that FRH is an essential component in the Neurospora circadian negative feedback loop.
To determine whether these high levels of frq mRNA after downregulation of FRH are solely due to an impaired circadian negative feedback loop, we compared the frq mRNA levels in the wild-type, wt,dsfrh, frq 9 , and frq 9 ,dsfrh strains. In frq 9 strains, a premature stop-codon mutation results in a truncated FRQ protein and subsequent disruption of the circadian negative feedback loop (Aronson et al., 1994b) . The addition of QA to strains without the dsfrh construct did not affect the levels of frq ( Figure 1C ), indicating that the effects triggered by dsfrh were not due to a nonspecific QA response. As predicted, levels of frq mRNA in the frq 9 strains were higher than those in the wildtype strains in the absence of QA. However, the knockdown of FRH in the wild-type strain resulted in frq transcript levels which were significantly higher than those in the frq 9 strain. In addition, the knockdown of FRH in the frq 9 strain also resulted in a significant increase of frq mRNA levels. ChIP assays in the frq 9 , dsfrh strain showed that the downregulation of FRH did not result in a further increase of WCC binding to the C-box of frq promoter ( Figures 1D and S1 ), indicating that the high frq levels after FRH downregulation are due to both the loss of the circadian negative feedback loop and a posttranscriptional mechanism involving FRH.
FRH Promotes frq mRNA Decay and Interacts with the Exosome Components
Because Mtr4p functions as a cofactor of the yeast exosome in RNA processing and degradation in yeast and other eukaryotes, we wondered whether FRH promotes frq mRNA decay. After screening several transcription inhibitors, we found that thiolutin, a transcription inhibitor used successfully in yeast and other organisms (Das et al., 2003) , efficiently blocks transcription in Neurospora. As shown in Figure 2A , the addition of thiolutin to the wild-type strain resulted in rapid decrease of frq levels in the absence of QA. However, when frh expression was knocked down, frq degradation rate was significantly reduced. QA had no affect on frq levels in the wild-type strain without the dsfrh construct ( Figure 1B ). These data indicate that FRH promotes the degradation of frq mRNA. Thus, the high levels of frq mRNA after the downregulation of frh are in part due to increased frq mRNA stability. Recent studies in yeast have shown that Mtr4p is part of the TRAMP complex, which polyadenylates rRNAs and transfer RNAs (tRNAs) and mediates the processing of RNA by the exosome (LaCava et al., 2005; Vanacova et al., 2005) . Polyadenylation of pre-rRNA is significantly increased in yeast mtr4 mutants, suggesting that Mtr4p couples polyadenylated RNAs to degradation . These studies prompted us to investigate whether FRH regulates frq mRNA stability using a similar mechanism. Thus, we performed a RNase H assay to compare the poly(A) length of frq RNA in the dsfrh strain in the presence or absence of QA. The RNA samples were first incubated with a DNA oligonucleotide probe complementary to a region upstream of the frq 3 0 UTR and were then digested by RNase H (which cleaves DNA/RNA hybrids) so that the poly(A) tail and the 3 0 UTR of frq RNA were removed from the full-length mRNA. The RNA samples were then analyzed by northern blot analysis with a probe specific for the frq 3 0 UTR. Oligo d(T) was also added to some of samples before the RNase H treatment, so that the poly(A) tail was removed. As shown in Figure 2B , the downregulation of frh led to significant increase of poly(A) tail length of frq RNA, suggesting that FRH regulates the degradation of frq mRNA by coupling the degradation of polyadenylated frq mRNA to the exosome complex.
To further confirm the role of FRH in the exosome-mediated RNA processing, we examined the interaction between FRH and two key exosome components, RRP44 and RRP6 (Buttner et al., 2006) . A construct that expresses either Myc-tagged RRP44 or RRP6 was transformed into a wild-type strain, and the resulting strains were used in immunoprecipitation (IP) assays with an FRH antibody. As shown in Figure 2C , the immunoprecipitation of FRH specifically pulled down both Myc-RRP44 and RRP6. On the other hand, FRH did not pull down Myc-QIP, a component of the Neurospora RNA interference (RNAi) pathway (Maiti et al., 2007) , despite its high expression level. The substoichiometric interaction between FRH and RRP44 and RRP6 indicates that FRH is not a core component of the exosome complex, consistent with its predicted role as a cofactor.
FFC Interacts with the Exosome and Associates with frq mRNA to Promote frq mRNA Decay as Part of the Posttranscriptional Negative Feedback Loop All available FRQ protein is complexed with a significant portion of FRH to form FFC , and this raises the possibility that FFC also interacts with the exosome and regulates the decay of frq mRNA. To test this, we examined the interaction between FRQ and exosome components. As shown in Figures 3A and S2, immunoprecipiation of FRQ specifically pulled down Myc-tagged RRP44 and RRP6, indicating that FFC interacts with the exosome. This result suggests that FFC may have functions outside of the transcription-based circadian negative feedback loop.
To further test this hypothesis, we investigated whether FFC can associate with RNA in vivo by immunoprecipitation (Peritz et al., 2006) . After the preparation of cell extracts of the wildtype strain, FRQ protein was immunoprecipitated with the FRQ antibody. RNA and then complementary DNA (cDNA) were then prepared from the immunoprecipitates. We analyzed the cDNA samples for the presence of frq cDNA by PCR. As shown in Figure 3B , frq cDNA was only amplified from the FRQ IP sample, and only when the reverse transcriptase (RT) was used to produce cDNAs. In contrast, no product was detected in a mock (without antibody) and a control (with tubulin antibody) IP samples, indicating that frq RNA associates specifically with FFC. In addition, only background levels of wc-2 and ccg-1 RNA were found to be nonspecifically associated with FFC ( Figure S3 ), indicating that not all mRNAs bind specifically to FFC. The association of FFC and frq mRNA suggests that FFC can regulate frq mRNA decay. To test this, we compared the frq mRNA decay between the wild-type strain and frq 9 strain. As shown in Figure 3C , frq mRNA in the frq 9 strain was significantly more stable than in the wild-type strain, indicating that FRQ promotes frq mRNA decay. It is worth noting that in the frq 9 strain the premature stop codon in the FRQ open reading frame should also trigger the nonsense-mediated decay pathway, resulting in increased rate of frq mRNA degradation. Thus, the posttranscriptional regulation of frq by FFC contributes to the high levels of frq mRNA in the frq 9 strain.
The comparison of frq RNA and FRQ protein oscillations previously revealed that frq RNA levels rise and fall rapidly during a circadian cycle, suggesting that frq is regulated posttranscriptionally (Garceau et al., 1997) . The rapid rising phase of frq RNA rhythm corresponds to time points at which FRQ levels are low, whereas the FRQ levels are relatively high when levels of frq RNA rapidly decrease. Since the amount of FFC oscillates daily because of the daily rhythm of FRQ, we then asked whether the stability of frq RNA exhibits a circadian rhythm. We compared frq RNA stability of the wild-type strain at two different time points (DD12 and DD20), which have similar amounts of frq RNA but significantly different amounts of FRQ protein ( Figures 3D and 3E ). At DD12, FRQ protein levels are low, whereas the amount of frq mRNA increases toward its peak level. At DD20, FRQ protein is near its peak level, whereas frq mRNA amount is rapidly decreasing (Garceau et al., 1997) . Despite similar frq levels, after the addition of thiolutin, frq RNA levels decreased significantly faster at DD20 than DD12, suggesting that frq RNA is less stable when FRQ levels are high. These results provide a molecular explanation for the rapid rise and fall of frq RNA during a circadian cycle. When FRQ levels are low, frq RNA is more stable, which leads to the accumulation of frq mRNA. In contrast, during peak levels of FRQ, frq RNA is less stable, which results in decline in frq mRNA.
To further demonstrate the role of FRQ in the posttranscriptional control of its own transcript, we created a construct in which the frq 3 0 UTR is placed downstream of the luciferase open reading frame (ORF), LUC (Gooch et al., 2008) , under the control of the qa-2 promoter ( Figure 3F) . As a control, we made a construct in which the 3 0 UTR of actin gene is placed downstream of LUC. These constructs were transformed into the wild-type and frq 10 strains. In the presence of QA, the qa-2 promoter is constitutively activated, and luc RNA stability was compared in these two strains by the addition of thiolutin. As expected, the decay rate of luc RNA was significantly slower in the frq 10 , LUC-frq strain than that in the wt, LUC-frq strain, while there was no significant difference in luc RNA decay rate in the frq 10 , LUC-actin and wt, LUC-actin strains. This result indicates that the cis element regulating frq RNA stability is located in its 3 0 UTR. Together, these results uncovered a posttranscriptional negative feedback loop that is interlocked with the transcription-based feedback loop. Within these negative feedback loops, FFC performs dual roles in the frq transcription inhibition process by inhibiting WCC activity while promoting the posttranscriptional decay of frq RNA.
Downregulation of RRP44, the Core Exosome Catalytic Subunit, Impairs frq mRNA Decay and Circadian Clock Function The results presented above suggest that FFC promotes the frq RNA decay by the exosome. To directly examine the role of exosome in the clock, we introduced a construct (dsrrp44) that expresses an inverted repeat specifically for rrp44 into a wildtype strain. RRP44 (also called Dis3), a member of the RNase II family that is essential for cell survival, is the core catalytic subunit of yeast exosome (Dziembowski et al., 2007; Schneider et al., 2007) . As shown in Figure 4A , the expression of the dsrrp44 construct resulted in the significant decrease of full-length rrp44 transcript and the appearance of a truncated rrp44 RNA. We also examined the circadian conidiation rhythm of the dsrrp44 strain by race tube assay. Although a robust rhythm of conidiation was observed in the absence of QA, the rhythm was abolished when rrp44 was downregulated ( Figure 4B ). In addition, the presence of QA also resulted in significant reduction of growth and reduction of aerial hyphae and conidia ( Figure 4B ). To investigate whether the lack of overt circadian rhythm in the dsrrp44 strain is due to impaired clock function, we examined the rhythmic FRQ expression in liquid cultures grown in constant darkness. Although a low-amplitude rhythm of FRQ expression could still be observed in the dsrrp44 strain, the period of rhythm was 4-6 hr longer than that in the wild-type strain ( Figure 4C ). Note that the gene silencing efficiency in liquid culture is not as effective as on race tube, as reflected by the only partial reduction of rrp44 RNA ( Figure 4A ) and a modest growth inhibition in liquid cultures.
Regulation of RNA turnover is an important process in determining levels of gene expression. To examine the role of RRP44 and the exosome in regulating the clock, we measured frq RNA levels by northern blot analysis ( Figure 5A ). As expected, the downregulation of rrp44 resulted in a significant increase of frq RNA level and frq RNA was also more stable ( Figure 5B ). Furthermore, the frq RNA levels in the dsrrp44 strain were elevated in constant darkness and oscillated with a period 4-6 hr longer than that observed in the wild-type strain ( Figure 5C ). The longer period of the frq mRNA oscillation in the silenced rrp44 mutant is consistent with its longer FRQ protein oscillation. A chromatin immunoprecipitation (ChIP) assay with WC-2 antibody showed that the downregulation of RRP44 did not increase WCC binding to the frq promoter, suggesting that the effects of RRP44 on frq RNA is mostly posttranscriptional ( Figure S4 ). Taken together, these results demonstrate that RRP44 play an important role in the posttranscriptional negative feedback loop by regulating frq RNA decay.
Circadian Regulation of rrp44 Expression by the WCC Since RRP44 is the catalytic subunit of exosome, we then investigated whether the expression of rrp44 is also under circadian control. Levels of rrp44 and frq RNA were monitored by Northern blot analyses in the wild-type, frq 7 (a long period mutant) and frq 9 strains. As shown in Figure 6A , levels of rrp44 RNA oscillated in both the wild-type and frq 7 strains with a period that was consistent with the genotype of the strains. In addition, the phases of rrp44 rhythms were very similar to those of frq. In the frq 9 strain, the rhythmic expression of rrp44 and frq was abolished. These results demonstrated that the expression of rrp44 is clockcontrolled. The near identical phase relationship between rrp44 and frq RNA suggests that their circadian expression is regulated by the same mechanism. To test this hypothesis, we compared the levels of rrp44 in the frq 10 , wc-1 and wc-2 mutants. As shown in Figure 6B , the rrp44 RNA level was high in the frq 10 strain but low in the wc mutants, indicating that rrp44 transcription is regulated by the WCC. However, unlike the extremely low frq RNA levels seen in the wc mutants, the rrp44 levels were found to be maintained at a modest level, suggesting that rrp44 transcription was also independently regulated by other mechanisms. This result is also consistent with rrp44 being an essential gene in Neurospora.
To further determine whether rrp44 is a direct target of WCC, we searched the promoter of rrp44 for C-box like elements and one such element was identified ( Figure 6C ). To show that WCC binds to this element in vivo, ChIP assays were performed with the WC-2 antibody, and the immunoprecipitated DNA was amplified by primers flanking the putative C-box. As shown in Figures 6D and S5 , WCC bound specifically and rhythmically to the C-box-like element in the rrp44 promoter in a manner that was very similar to the frq C-box by peaking near DD14.
Together, these results demonstrate that rrp44 is a ccg directly activated by WCC.
The Exosome Regulates the Rhythmic Expression of at Least One ccg
The rhythmic expression of rrp44 suggests that the exosome activity is rhythmic. Since exosome plays a major in role in RNA degradation, we hypothesized that the rhythmic activity of exosome will contribute to the rhythmic gene expression in Neurospora. Although some of the ccgs have either C-box elements or activating clock element (ACE, discovered in ccg-2) in their promoters, a majority of ccgs lack both of these elements (Bell-Pedersen et al., 1996a; Correa et al., 2003; Lewis et al., 2002; Liu and Bell-Pedersen, 2006) . To investigate whether the exosome contributes to the rhythmic levels of some ccgs at the posttranscriptional level, we surveyed the transcript levels of a few known ccgs after downregulation of rrp44 (Bell-Pedersen et al., 1996b; Shinohara et al., 1998) . We found that the RNA level of ccg-8, which encodes a transcriptional repressor-like protein, was significantly elevated in constant light (LL) in the presence of QA in the dsrrp44 strain (Figures 7A and S6 ). On the other hand, the RNA levels in LL of other ccgs (such as ccg-7, ccg-9) , wc-1, and wc-2 remained unchanged after the silencing of rrp44, indicating that the exosome only regulates some mRNAs. In addition, the knockdown of rrp44 also resulted in the increase of stability of ccg-8 RNA ( Figure 7B ). These results suggest that the exosome posttranscriptionally regulates the levels of at least one ccg.
To further determine the role of the exosome in the rhythmic expression of ccgs, we compared their rhythmic expression in DD in the wild-type and dsrrp44 strains. While the levels of ccg-7, ccg-8, and ccg-9 transcripts were rhythmic in the wildtype strain, their rhythmic expression was strongly perturbed in the dsrrp44 strain ( Figures 7C and S7) . Interestingly, although the downregulation of rrp44 did not significantly affect the levels of ccg-9 in LL, its level was significantly elevated in DD in the dsrrp44 strain. On the other hand, although the levels of ccg-7 were comparable in both strains, its rhythmic expression was severely impaired in the dsrrp44 strain. These results suggest that exosome can directly (for ccg-8) or indirectly (for ccg-7) regulate the rhythmic expression of some ccgs. Thus, exosome is also required for the proper function of the circadian output pathway.
DISCUSSION
Interlocked Transcriptional and Posttranscriptional Circadian Negative Feedback Loops
The transcription-based negative feedback loops have been shown to be essential for the eukaryotic circadian oscillators. In this study, we showed that a posttranscriptional negative feedback loop that is interlocked with the transcriptional loop also plays an important role in the Neurospora circadian clock ( Figure 7D ). In both of these negative feedback loops, FFC acts as the negative element. In the transcriptional loop, FFC inhibits WCC activity and consequently represses frq transcription by promoting the phosphorylation of the WC proteins (He et al., 2006; Schafmeier et al., 2005) . In the posttranscriptional loop, FFC promotes frq RNA decay through the exosome. Thus, the decrease in frq RNA is a combination of inhibition of WCC activity by FFC and the FFC-mediated degradation of frq RNA via the exosome. This conclusion is supported by several lines of evidence. First, FRQ associates with the core exosome components and FFC binds to frq RNA. Because FRQ lacks a putative nucleic acid binding domain, the interaction between FRQ and frq RNA is most likely mediated by FRH, an RNA helicase. Second, FRQ promotes frq RNA decay and the level of FRQ is a determinant of frq RNA stability, resulting in a circadian rhythm of frq RNA stability. frq RNA is more stable in the frq 9 strain and in the wild-type strain at a time point at which FRQ level is low (Figure 3) . Third, the downregulation of FRH also results in stabilization of frq RNA and an increase of its poly(A) length, suggesting the involvement of the exosome in frq RNA decay (Figure 2) . Fourth, FRQ and WCC regulate the expression of rrp44, which encodes the catalytic subunit of exosome. Finally, the downregulation of RRP44 led to an increase of frq RNA and severe impairment of the conidiation and molecular rhythms. Taken together, these results strongly suggest that FFC and the exosome are part of a posttranscriptional negative feedback loop that regulates frq RNA levels. Thus, both the transcriptional and the posttranscriptional processes mediated by FFC contribute to the circadian negative feedback loop process. When FRQ levels are high, FFC inhibits WCC activity and promotes rapid degradation of frq RNA. When FRQ levels are low, WCC activates frq transcription and frq RNA is more stable. The combination of these two actions on frq RNA results in the observed rapid increase and decrease in frq levels and a robust frq rhythm during a circadian cycle (Garceau et al., 1997) .
On the basis of our results, we propose that the FFC may recruit frq RNA to the exosome for degradation. Although the biochemical function of FRQ in the posttranscriptional regulation is presently unclear, it is possible that FRQ can promote the RNA helicase activity of FRH for certain RNA substrates. On the other hand, FRQ may regulate the intracellular localization of FRH because of their physical interaction. Since the levels of FRH do not exhibit a circadian rhythm , the rhythmic expression of FRQ may drive the rhythmic modulation of FRH activity by forming FFC. It should be noted that the downregulation of FRH in the frq 9 strain also resulted in the increase of frq RNA levels ( Figure 1B ), suggesting that FRH and the exosome can also function independently of FRQ and that the role of FRQ on FRH activity is only regulatory. In addition, there is still substantial frq RNA degradation after the knockdown of FRH (Figure 2A ). While this is part due to partial silencing of frh expression, it is likely that other pathways can also regulate frq RNA degradation. Like FRQ, a putative RNA-binding protein NONO was found to associate with mouse PER1 and is important for clock functions in mammals and flies (Brown et al., 2005) . Thus, PER, via its interaction with NONO, may also participate in the posttranscriptional regulation of RNA in animals. Importantly, it has been previously demonstrated that the Drosophila per is regulated at both transcriptional and posttranscriptional levels, and the latter makes a major contribution to per mRNA oscillation (So and Rosbash, 1997) . Like that of frq mRNA, the half-life of per mRNA also exhibits a rhythm over the course of the circadian cycle, and per is more stable during the rising phase and less stable during the declining phase. This indicates that per RNA decay is under circadian control. In mammals, the 3 0 UTR-mediated mRNA decay of mPer3 is important for its mRNA cycling (Kwak et al., 2006) . In Arabidopsis, two ccgs, CCL and SEN1, also exhibit circadian control of their mRNA stability (Lidder et al., 2005) . Therefore, similar to the Neurospora system, posttranscriptional negative feedback loops may also exist in animal and plant clocks.
rrp44, the Exosome Catalytic Subunit, Is a ccg that Feeds Back to the Circadian Oscillator and Controls the Expression of Some ccgs Our data here demonstrated that knockdown of RRP44 led to reduced mRNA degradation for frq and at least one ccg in Neurospora. We showed here that rrp44 is rhythmically expressed and its circadian regulation is directly controlled by the WCC. Unlike other known ccgs in Neurospora, RRP44 feeds back into circadian oscillator by regulating the levels of frq RNA levels. Downregulation of rrp44 impairs clock function and results in the elevation of frq RNA. Together with FFC, RRP44 acts as a negative element in the posttranscriptional negative feedback loop. The rhythmic expression of rrp44 also suggests that the activity of the Neurospora exosome is rhythmic. Thus, the rhythmic activity of the exosome may contribute to rhythmic frq RNA stability.
In addition to its role in the posttranscriptional negative feedback loop, the exosome also determines the circadian gene expression for some ccgs. By examining the effect of rrp44 knockdown on the circadian expression of some known ccgs, we found that RRP44 plays a major role in controlling the rhythmic expression of ccg-8 and ccg-9 by regulating their RNA decay. The elevated RNA levels of these two genes after the silencing of rrp44 suggest that they are directly regulated by the exosome. Notably, the circadian oscillations of these genes were abolished when rrp44 was silenced. On the other hand, although the silencing of rrp44 did not affect the levels of ccg-7 RNA, its circadian expression was also impaired, suggesting that ccg-7 is indirectly regulated by the exosome. These results also suggest that the posttranscriptional control of some ccgs by the exosome is an important part of the Neurospora circadian output pathway ( Figure 7D ).
Several lines of evidence also suggest the involvement of posttranscriptional regulation in other eukaryotic circadian systems. A few genes involved in RNA metabolism from plant to animals were previously shown to be under circadian control (Garbarino-Pico and Green, 2007) . In Arabidopsis, AtGRP7 is a circadian-regulated RNA-binding protein that regulates the alternative splicing of its own transcript (Heintzen et al., 1997; Staiger et al., 2003) . In animals, Nocturnin, a circadian-regulated gene originally identified in Xenopus, is an mRNA deadenylase that confers resistance to diet-induced obesity in mice (Garbarino-Pico and Green et al., 2007) . The RNA-binding protein LARK, which exhibits circadian rhythms despite its constant RNA levels in animals, regulates the circadian output in Drosphila and posttranscriptionally regulates the expression of mPER1 in mice Newby and Jackson, 1996) . Together with our results presented here, these studies indicate that the posttranscriptional mechanisms play important roles in the eukaryotic circadian clocks. The conservation of the circadian mechanisms from fungi to animals suggests that the highly conserved exosome may be an important posttranscriptional regulator in other eukaryotic clocks.
EXPERIMENTAL PROCEDURES Strains and Growth Conditions
The 87-3 (ras-1bd, a) strain was used as the wild-type strain. frq 7 is a strain showing extra long circadian period ($28hr). The frq 9 strain bears a frameshift mutation in the frq ORF (Aronson et al., 1994b) . The 301-6 strain (ras-1bd, his-3, A) was used as host strain for his-3 targeting constructs. Liquid cultures were grown in minimal medium (13 Vogel's, 2% glucose). When QA was used, liquid cultures were grown in 0.01 M QA (pH 5.8), 13 Vogel's, 0.1% glucose, and 0.17% arginine. Race tube medium contained 13 Vogel's, 0.1% glucose (0% when QA was used), 0.17% arginine, 50 ng/mL biotin, and 1.5% agar. The dsrrp44 strain was generated by introduction of a plasmid expressing a rrp44-specific RNA hairpin into a wild-type strain . The plasmid pdsrrp44 containing the hairpin sequence was constructed by insertion of an inverted repeat ($500 bp) corresponding to rrp44 gene downstream of the qa-2 promoter. The resulting plasmid was targeted to the his-3 locus by transformation into 301-6 (bd, his-3, A) . For the luciferase reporter construct, a PCR fragment containing the fusion between the luciferase ORF (from pfrq-luc-I) (Gooch et al., 2008 ) and 3 0 UTR of frq (1.1 kb) or actin (0.1kb) was inserted downstream of the qa-2 promoter into the vector pDE3qa-2. The resulting construct was transformed into bd, his-3 and bd, frq 10 , his-3 strains at the his-3 locus. For mRNA decay assay, Neurospora mats were cut into discs and transferred to flasks with liquid medium with or without QA (10 À2 M QA). After growth overnight, thiolutin (a gift from Pfizer, final concentration 12 mg/ml) was added. Afterwards, the tissues were harvested at different time points, and total RNA was extracted and subjected for northern blot analyses or reverse transcription and quantitative real-time PCR (Q-PCR).
Protein and RNA Analyses Protein extraction, western blot analysis, and immunoprecipitation assays were performed as previously described (Cheng et al., 2001a; Garceau et al., 1997) . Equal amounts of total protein (40 mg) were loaded in each protein lane of SDS-PAGE (7.5% SDS-PAGE gels containing a ratio of 37.5:1 acrylamide/bisacrylamide). RNA extraction and northern blot analyses were performed as described previously (Aronson et al., 1994a) . Equal amounts of total RNA (20 mg) were loaded onto agarose gels for electrophoresis, and the gels were blotted and probed with RNA probes specific for the gene of interest.
Fro comparison of protein or RNA levels from different strains, experiments were performed side by side and the protein or RNA samples were transferred to the same membrane for western or northern blot analysis.
RNase H Assay
Twenty micrograms of total RNA was treated with RNase H (Unit/ml, Ambion) at 37 C for 1 hr in the presence of 200 ng of oligonucleotide complementary to the cleavage site and separated by agarose gel electrophoresis. For determination of whether the mobility variation was due to the difference of poly(A) tail length, the same samples were treated with both oligonucleotide complementary to the cleavage site and oligo d(T)50. The 1.0% agarose gel contains 6% formaldehyde, 20 mM MOPS, 8 mM sodium acetate, and 1 mM EDTA. After transfer, the membrane was hybridized with a frq RNA probe corresponding to the sequence downstream the RNase H cleavage site. The sequence of the complementary oligonucleotide was 5 0 -TCAGAAGCTAGATCATCGCCAT CGTCCCAGCTGGAATCGGTACTGAACGG-3 0 .
Chromatin Immunoprecipitation Assay
The ChIP assay was performed as previously described (He et al., 2006; . The immunoprecipitation was performed with a WC-2 antibody. Each experiment was independently performed three times, and immunoprecipitation without the WC-2 antibody or with the wc-2 ko extract was used as the negative control.
mRNA-Protein Immunoprecipitation RNA IP was performed as previously described (Niranjanakumari et al., 2002; Peritz et al., 2006) with the following modifications: Freshly harvested tissues were ground into powders and homogenized by the IP buffer (25 mM Tris [pH 7.5], 150 mM NaCl, 1.5 mM MgCl2, 1% NP40, 1 mM DTT plus protease inhibitors: 1 mg /ml Pepstatin A, 1 mg /ml Leupeptin, 1 mM PMSF and RNase inhibitor RNaseOUT, 100 U/ml final concentration, Ambion). After centrifugation at 15,000 g for 10 min, 1 ml of the resulting supernatant was incubated with FRQ antibody. A mock (without the antibody) and a control (with tubulin antibody) IP were used as the negative controls. Total cDNA synthesized from the total RNA of the wild-type strain was amplified as the positive control. The beads were then washed three times with the IP buffer before total RNA was extracted and subjected to reverse transcription with random primers. PCR was performed with frq primers (forward,: 5 0 -ACGACAGCCCATTGG CAGCCG-3 0 ; reverse, 5 0 -ATGAGACGTCCTCCATCGAAC-3 0 ).
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